Direct lyotropic liquid crystalline templating has been successfully applied to produce nanostructured IV-VI semiconductor PbTe thin films by electrodeposition both on gold and n-type (1 0 0) silicon substrates. The PbTe films were characterized by transmission electron microscopy, X-ray diffraction and polarized optical microscopy and the results show that the films have a regular hexagonal nanoarchitecture with a high crystalline rock salt structure and exhibit strong birefringence. The optical absorption measurements using Fourier transform infrared spectroscopy show that the nanostructured PbTe films have a direct band gap of 0.37 eV.
Introduction
The increasing degree of miniaturization in components is presenting many new challenges to device engineering. One of these challenges is the ability to fabricate smaller structures down to nanometer length scales whose structure-property relationships are designed to yield devices with novel electronic, optical and magnetic properties that can impact on broad areas of technology. The chemist's approach to this challenge has been to develop synthetic strategies based on templating which rely on the self-assembly or self-organisation of nanometer-sized building blocks into organized connected arrays having long-ranged organization and order [1] . The rational design of functional materials is therefore an important goal that is becoming increasingly promise within nanotechnology. One templating strategy that offers considerable potential for nanofabrication is direct templating from lyotropic liquid crystalline (LC) phases. This enables the fabrication of threedimensional nanomaterials with well-defined and highly regular porous nanoarchitectures on the scale 2-20 nm [2, 3] . The method exploits the amphiphilic nature of non-ionic polyoxyethylene surfactants which can self-assemble into LC phases when mixed with water. By controlling the relative concentrations of the two components and temperature it is possible to produce condensed phases with a wide range of different topologies which can be used as 'moulds' for nanocasting by either sol-gel reactions, or electrodeposition within the aqueous domain of the structure, resulting in materials with ordered architectures. Direct LC templating has been employed to produce a wide range of nanostructured materials [4] [5] [6] [7] [8] [9] [10] [11] .
In the present work we report the electrodeposition of high quality nanostructured thin films of lead telluride (PbTe) from the hexagonal (H I ) LC phase of a non-ionic polyoxyethylene surfactant. PbTe is an attractive semiconductor material to cast with a porous nanoarchitecture because it offers the possibility of studying quantum confinement effects in this attractive semiconductor material and the potential to allow the nanoscale tunability of optical properties. Lead chalcogenides (IV-VI) are used extensively in infrared (IR) photodetectors [12] , laser diodes [13] and thermophotovoltaic devices [14] due to their narrow band gaps and so a route to novel forms of these materials could impact on diverse areas of applications. Lead chalcogenides have been grown by various techniques including molecular beam epitaxy (MBE) [15] , chemical vapour deposition [16] , chemical bath deposition [17] , electrodeposition [18] and more recently electrochemical atomic layer epitaxy (ECALE) [19] . In general, nanostructured lead chalcogenides are expected to show strong quantization effects by virtue of their large Bohr exciton radii (e.g. PbSe quantum dots have an exciton radius of $46 nm) [20] . The comparatively small effective masses of electron and hole and the high dielectric constant in these materials would also enhance any quantum confinement behaviour observed. an ELGA water purification system. All glassware was soaked overnight in a 3% Decon/deionised water solution, and washed thoroughly with deionised water prior to use.
Liquid crystalline templating mixtures
The LC templating mixtures used in the electrodeposition of nanostructured mesoporous PbTe films were obtained by mixing 50 wt.% C 16 EO 8 with 50 wt.% aqueous solution containing 30 mM Pb(CH 3 COO) 2 and 1 mM TeO 2 dissolved in 0.1 M HNO 3 . The mixture was sealed in a capped vial and allowed to stand in a thermostated oven at 60°C for 15 min, which was followed by vigorous stirring with a glass rod. This heating/mixing process was repeated at least three times until a homogeneous mixture was obtained. Prior to the electrodeposition the mixture was heated to a temperature above the isotropic point and then cooled to room temperature at a rate of 0.2°C min À1 in order to improve the alignment of the LC mixture. The phase behaviour of LC templating mixtures was investigated with polarized optical microscopy (POM) using an Olympus BH-2 polarized light microscope equipped with a Linkam TMS90 heating stage and temperature control unit. The samples were placed between a glass slide and cover slip and viewed under POM by using heating/cooling rates of 0.2°C min À1 across the phase transition boundary.
Electrodeposition
Electrochemical depositions were performed using a three-electrode setup in combination with an Autolab potentiostat/galvanostat. A large area platinum gauze and saturated calomel electrode (SCE) were used as counter and reference electrodes respectively. Working electrodes were in the form of 200 nm thick gold films evaporated on microscope slides which were cleaned by sonication in isopropanol prior to use. The substrates were masked using polyimide tape to prevent edge effects during deposition, giving an exposed electrode area of 1 Â 1 cm 2 . The electrodeposition of PbTe films was carried out under potentiostatic and thermostatic control. Nanostructured PbTe films were deposited at potentials between À0.40 V to À0.48 V vs. SCE at 25°C from LC templating mixtures.
Characterization
The surface morphology and composition of the nanostructured PbTe films were characterized using a JSM-6500 F scanning electron microscope (SEM) equipped with energy dispersive X-ray (EDX) microanalysis (Oxford Inca 300) and operated at 15 kV. The nanostructure of the films was investigated using a JEOL 3010 transmission electron microscope (TEM) operating at an accelerating voltage of 300 kV. Wide-angle and low-angle X-ray diffraction (XRD) data were collected using a Siemens D5000 Xray diffractometer with Cu Ka radiation (k = 1.5406 Å). The optical textures of the films were observed under POM with crossed polarizer. The polarizer before the sample is a fixed linear polarizer and the analyzer after the sample is a rotatable linear polarizer. The sample stage is also rotatable, perpendicular to the incident light.
Fourier transform infrared (FTIR) spectra were acquired on a Jasco 620 FTIR spectrometer. The PbTe films employed for FTIR measurements were deposited on double-side polished single crystalline ntype Si (1 0 0) wafers (phosphorus doped with resistivity of 1-10 X cm, IDB Tech. Ltd). Before use, the wafer was degreased in isopropanol, cleaned in 2:1:8 H 2 O 2 :HCl:H 2 O at 80°C for 15 min, and then etched in 2 M HF for 2 min. Ohmic contacts to the Si substrates were made with Ga-In eutectic. The electrodeposition of PbTe films on Si substrates was carried out under the same deposit conditions and using the same LC templating mixtures.
Results and discussion
The electrochemical synthesis of stoichiometric films of nanostructured PbTe by direct LC templating required careful optimisation and control over a number of experimental parameters including deposition potential, choice of substrates, temperature, composition of LC templating mixtures, pH, and concentration of precursor salts. As outlined in the experimental section stoichiometric hexagonal nanostructured PbTe (H I -ePbTe) thin films could be successfully deposited on gold substrates from LC template mixtures composed of 50 wt.% C 16 EO 8 and 50 wt.% aqueous solution containing 30 mM Pb(CH 3 COO) 2 and 1 mM TeO 2 dissolved in 0.1 M HNO 3 .
To produce stoichiometric films of PbTe the composition of the deposited films was monitored as a function of the applied deposition potential and determined by EDX. As shown in Fig. 1 the optimum deposition potential was around À0.43 V vs. SCE. This resulted in PbTe films with atomic compositions that were close to the stoichiometric ratio. PbTe films with a composition that was constant across the film were smooth and black in appearance. SEM images of the top view of such PbTe films (Fig. 2a) show a smooth and uniform texture compared to bulk PbTe films (Fig. 2b) which were produced from aqueous electrolyte without surfactant C 16 EO 8 . Fig. 3 shows a representative wide-angle XRD for H I -ePbTe films deposited at À0.43 V vs. SCE which indicates that the nanostructured film has a rock salt polycrystalline structure in accordance with other studies [18] .
Low-angle XRD has been employed to examine the phase structure of the hexagonal LC mixtures and to determine the mesoporous nature of the nanotemplated PbTe films. Fig. 4 shows lowangle XRD diffractogram for the electrochemically deposited nanostructured H I -ePbTe film and the LC template. This exhibits a single well-resolved first order diffraction peak d 100 Direct evidence of the existence of a nanostructure as the result of the deposition of H I -ePbTe was obtained by TEM. Fig. 5 shows micrographs of a H I -ePbTe film electrodeposited at À0.43 V vs. SCE. Fig. 5a shows clear nanoscale order with a periodic repeat distance of 58 ± 2 Å. The hexagonal array of pores can be observed from the end-on view image in Fig. 5b . Analysis of the TEM images shows that the H I -ePbTe film has an average pore diameter of 30 ± 2 Å and a pore-to-pore distance of 60 ± 2 Å which is close to the value obtained from the low-angle XRD.
In addition, when viewed through crossed polarizers the templated films exhibit strong form birefringence as would be expected for anisotropic nanostructures. The textures are similar to those of the LC templating mixtures with commonly fan-like or cross-like texture, which is a characteristic pattern of hexagonal phase [21, 22] . Some large domains have been observed in the films as shown in Fig. 6 . The appearance of such domains is due to the particular alignment of the pores in the films which indicates all the pores pointing in one particular direction with the same angle with respect to the substrates. As the sample is rotated the two adjacent domains go from light to dark and to light again with a 90°period. It is clear from these observations that the birefringent nature of the hexagonal LC templates has been cast into PbTe films and the direct LC templating approach is capable of turning an optically isotropic material into an anisotropic metamaterial. Furthermore, since the dimension and topology of nanoarchitecture are under direct experimental control by the choice of surfactant and by the addition of co-solvents [2, 6] , this approach has advantage that it can be used to produce tunable birefringent materials for a specific applications such as phase matching devices [23] .
Optical absorbance spectra of both bulk and nanostructured PbTe thin films were measured at room temperature using an FTIR spectrophotometer. The films were deposited on double-sided polished single crystalline n-type Si (1 0 0) wafers which are optically transparent to infrared radiation out to wavelengths beyond 14 lm [24] and allow us to evaluate the absorption coefficient and band gap of the PbTe thin films. In order to ensure the nanostructure of the films on Si substrates the films were deposited under the same deposit conditions and using the same LC templating mixtures as those on gold substrates and also investigated by low-angle XRD. The appearance of a single diffraction peak d 100 confirms the existence of the hexagonal nanostructure in these films. The thicknesses of bulk and H I -ePbTe thin films were 597 nm and 1031 nm respectively as measured using SEM. Since H I -ePbTe film with a perfect hexagonal nanostructure contains 77.3% (by volume) PbTe and 22.7% (by volume) voids [5] , the effective thickness of H I -ePbTe film is estimated to be 797 nm. Fig. 7 shows the variation of the absorption coefficient as a function of wavelength for bulk and H I -ePbTe films deposited on Si substrates. It is observed that both films show high absorption coefficient and exhibit strong absorption at wavelength below 4 lm, which is near the room temperature band gap of PbTe [25] . Fig. 8 shows the plot of (aht) 2 versus photon energy, ht, for the electrodeposited bulk and H I -ePbTe films. For both of the films, (aht) 2 was a linear function of the photon energy, as would be expected for a direct band gap semiconductor [26] . The band gap value of the films can be obtained by linear extrapolation of the curve to zero absorption, giving the direct band gap E g of 0.32 eV and 0.37 eV for bulk and H I -e PbTe films respectively. 
Conclusions
We have reported the production of high quality thin films of nanostructured PbTe by electrodeposition from the hexagonal liquid crystal phase of C 16 EO 8 , a non-ionic polyoxyethylene surfactant which acts as a template for the formation of the nanostructure. The material produced was found to be stoichiometric with a composition of 50.36 at.% Pb and 49.64 at.% Te. The results of TEM, POM and XRD have shown that the films have a hexagonal nanostructure and high crystalline rock salt structure. The optical measurements show that the obtained nanostructured PbTe films are highly birefringent and of good quality with a direct band gap value of 0.37 eV that is blue shifted in comparison to bulk films, 0.32 eV. 
